Two DNA transfer systems encoded by the tumor-inducing (Ti) plasmid have been previously identified in Agrobacterium tumefaciens. The virB operon is required for the transfer of transferred DNA to the plant host, and the trb system encodes functions required for the conjugal transfer of the Ti plasmid between cells of Agrobacterium. Recent availability of the genome sequence of Agrobacterium allowed us to identify a third system that is most similar to the VirB type IV secretion system of Bartonella henselae. We have designated this system avhB for Agrobacterium virulence homologue virB. The avhB loci reside on pAtC58 and encode at least 10 proteins (AvhB2 through AvhB11), 7 of which display significant similarity to the corresponding virulenceassociated VirB proteins of the Ti plasmid. However, the AvhB system is not required for tumor formation; rather, it mediates the conjugal transfer of the pAtC58 cryptic plasmid between cells of Agrobacterium. This transfer occurs in the absence of the Ti plasmid-encoded VirB and Trb systems. Like the VirB system, AvhB products promote the conjugal transfer of the IncQ plasmid RSF1010, suggesting that these products comprise a mating-pair formation system. The presence of plasmid TiC58 or plasmid RSF1010 reduces the conjugal transfer efficiency of pAtC58 10-or 1,000-fold, respectively. These data suggest that complex substrate interactions exist among the three DNA transfer systems of Agrobacterium.
Agrobacterium tumefaciens causes tumors on a wide variety of plants following the transfer and expression of its transferred DNA (T-DNA) in the plant genome (59) . This host range has been extended under laboratory conditions to include yeast, filamentous fungi, and animal cells (9, 10, 16, 28, 40) . The unique biological nature of the Agrobacterium-host relationship and its importance in generating transgenic plants have fostered intense interest in understanding the mechanism by which Agrobacterium transfers DNA to its eukaryotic host. The recognition by Agrobacterium of signals produced by wounded plants leads to the induction of a regulon required for the transfer of T-DNA (55) . This effect can be reproduced in the laboratory by using induction medium (IM) that mimics the conditions the bacteria encounter during their interaction with the host (11) . T-DNA is transferred as a single strand with its 5Ј end covalently linked to the VirD2 protein. Recent genetic evidence has shown conclusively that the virulence proteins VirE2 and VirF are exported into plant cells and that this process depends on the type IV secretion apparatus comprised of the VirB1 to VirB11 and VirD4 proteins (50) . Although the essential virB operon encodes a pilus (20) , termed the T-pilus (29) , the notion that the T-pilus is the conduit for the transfer of T-DNA and proteins from the bacterial cytoplasm into host cells in a single step has not been demonstrated. In contrast, recent work in our laboratory suggests a two-step transfer process since the virulence proteins VirE2 and VirF and VirD2 are present in the periplasm of Agrobacterium strains lacking the VirB proteins (12) .
Type IV secretion systems are found in plant and animal pathogens as well as in symbiotic bacteria (reviewed in reference 30). These systems are known to transport proteins or nucleoprotein complexes and are commonly associated with virulence. In addition to T-DNA (48), VirE2 and VirF of A. tumefaciens (50) , pertussis toxin in Bordetella pertussis (54) , and the CagA protein in Helicobacter pylori (39) are native substrates that depend upon type IV secretion systems for their transfer. These proteins are required for virulence in each of these organisms. Although the substrates of other type IV systems have not yet been identified, putative cellular functions for some of these systems have been defined. In Brucella abortus, a type IV secretion system contributes to the intracellular survival of the pathogen in its host environment (38) . Bartonella tribocorum contains a recently identified type IV system required for intraerythrocytic bacteremia (43) . Legionella pneumophila contains two putative type IV systems, the Lvh system and the Icm/Dot system, of which only the Icm/Dot system is required for the intracellular survival of this pathogen (7, 42) .
The proteins comprising type IV secretion systems are ancestrally related to proteins of the mating-pair formation (Mpf) systems required for plasmid conjugal transfer (reviewed in reference 13). Both the Mpf and type IV systems are thought to form a pilus required for substrate transfer to recipient cells, although this structure has only been confirmed in Agrobacterium and Escherichia coli (58) . It remains to be determined if other type IV systems, especially those for which components are absent or remain to be identified, comprise a functional pilus. Agrobacterium contains two type IV/Mpf systems encoded by the virB and trb operons of pTiC58. Although both the Trb and VirB systems are encoded in the Ti plasmid, they have different specificities and mediate the transfer of the Ti plasmid or T-DNA, respectively (51) . The Trb system consists of 11 proteins, 6 of which are similar in amino acid sequence to the VirB proteins (32) , although the genes are not arranged similarly. In addition to their role in T-DNA transfer, VirB products can assist in the transfer of the heterologous plasmid RSF1010, which, while mobilizable, lacks an Mpf system (4, 19) . However, under noninducing conditions, a comparable frequency of pRSF1010 transfer was observed if pAtC58 was present (14, 21) , suggesting that proteins encoded by this plasmid can also mobilize pRSF1010. Although this was assayed in a strain in which both the Trb system and pAtC58 were present, strains carrying mutations in virB do not conjugally transfer pRSF1010, indicating that the Trb system does not play a role in this process (19) .
Conjugal transfer also requires a DNA transfer and replication (Dtr) system that recognizes and cleaves at the origin of transfer (oriT) to facilitate DNA translocation (58) . Dtr-like components linked to type IV secretion have been identified in Agrobacterium (18, 57) . These include the tra system required for pTiC58 conjugal transfer as well as the products of the virD and virC operons required for T-DNA transfer. Additional Dtr components have recently been identified on the linear chromosome, although their functionality remains to be determined (31, 56) . Among these systems, the VirD proteins are most distantly related to classic Dtr systems. The VirD2 protein is required for recognition and cleavage at the 25-bp border sequences that delineate the T-DNA (1, 52). These T-border sequences are similar to the oriT sites of conjugal transfer systems (14) . A second Dtr-like component, VirD4, is required for DNA transfer and is thought to couple the Dtr and Mpf systems to enable substrate transfer (23) .
Since secretion systems defined as members of the type IV family are known to have distinct roles in conjugal transfer or in the transit of virulence factors to mammalian hosts (30) , the precise nomenclature to apply to such systems remains in question. The phylogenetic and functional relationships evident between type IV and certain conjugal transfer systems has led to the suggestion that these groups form a type IV superfamily of proteins involved in both the conjugal transfer between bacteria and the transit of virulence factors between bacteria and their eukaryotic host (32) .
Here, we report the discovery and characterization of a new type IV secretion system in Agrobacterium which we designate avhB for Agrobacterium virulence homologue virB. We demonstrate that the AvhB system is required for conjugal transfer of the cryptic plasmid pAtC58 in A. tumefaciens. A second cluster of genes similar to the Dtr systems involved in plasmid conjugation resides on pAtC58, although their function remains to be determined.
MATERIALS AND METHODS
Bacterial strains, plasmids, primers, and growth conditions. Strains of A. tumefaciens and E. coli, as well as the plasmids and primers used in this study, are described in Table 1 . E. coli cells were grown in Luria-Bertani medium, and Agrobacterium cells were grown in MG/L medium, AB minimal medium (AB), or IM (11) . The concentrations of antibiotics (per milliliter) used in bacterial cultures were as follows: 100 g of carbenicillin for both Agrobacterium and E. coli, 50 g of kanamycin for E. coli and 100 g for Agrobacterium, and 50 g of rifampin for Agrobacterium. IM was supplemented with 100 M acetosyringone.
Construction of deletions by unmarked homologous recombination. The deletion mutants of avhB in Agrobacterium strains A348 and GV3350 were generated as described by Hoang et al. (24) . Plasmid YC⌬avhB was used to generate a deletion of the avhB gene cluster (avhB2 to avhB11) in these strains via homologous recombination. To construct this plasmid, PCR was first used to amplify ϳ1-kb regions upstream and downstream of the 5Ј (primers ⌬avhBUp-5Ј and ⌬avhBUp-3Ј) and 3Ј (primers ⌬avhBDown-5Ј and ⌬avhBDown-3Ј) ends of the avhB operon. These fragments were digested with primer-specific restriction enzymes (XbaI and EcoRI for the avhB upstream PCR product and XbaI and HindIII for the avhB downstream PCR product) and ligated directionally into pGEX18Gm, resulting in pYC⌬avhB. This plasmid was introduced into each of the strains by electroporation, and single recombinants were selected based on resistance to gentamicin and sensitivity to sucrose. Unmarked double recombinants in which the avhB gene cluster was deleted were identified as gentamicinsensitive and sucrose-resistant colonies and were verified by PCR.
Conjugation assay. Donor strains used in this study were A. tumefaciens GV3350 (41) and the isogenic strain GV3350⌬avhB in which the avhB operon was deleted. Strain GV3350 is chloramphenicol resistant, lacks pTiC58, and carries a carbenicillin resistance marker on the transposon Tn1 located in pAtC58. The recipient used in this study was the rifampin-resistant A. tumefaciens strain UIA5, which lacks both pTiC58 and pAtC58. Conjugation was performed as described by Cook and Farrand (14) . Donor and recipient strains were grown overnight at 28°C in the medium to be used for the conjugation assay (MG/L, AB, or IM) and resuspended at similar cell densities (optical densities at 600 nm). Cells were mixed in a 1/1 ratio, and 100 l of the mixture was spotted onto nitrocellulose filters and incubated overnight on MG/L, AB, or IM plates. Cells were then serially diluted on medium containing rifampin and carbenicillin to select for transconjugants. Donor cell numbers were determined simultaneously by serial dilution on MG/L supplemented with chloramphenicol. All conjugation assays were performed at least twice in triplicate, and the numbers reported are the averages from a representative experiment. All data in the same table are from experiments performed in parallel.
Plant infection assay. The virulence assays on Kalanchöe diagremontiana were performed as previously described (12) . The plant cell culture infection assays were conducted as previously described (17), except that the plant culture was Ageratum conyzoides (27) and the detection plasmid used to monitor T-DNA transfer was pBISN1 (36) .
Sequence analysis. Sequence analysis was performed by the MegAlign program (DNAstar Inc.).
Nucleotide sequence accession number. The sequence of the avhB region of pAtC58 has been deposited in GenBank under accession no. AF396671.
RESULTS
Plasmid AtC58 encodes all components required for its conjugal transfer. A. tumefaciens C58 has four replicons: one circular chromosome, one linear chromosome, and two plasmids, pAtC58 and the Ti plasmid (2) . It has been suggested that pAtC58 is self-transmissible (41); however, none of the three essential components required for plasmid conjugation (Dtr, Mpf, or oriT) have been identified in this plasmid. Recent genome sequence analysis indicates that pAtC58 contains at least two components required for self-transmission (56) . These include a putative Dtr system similar to the tra region of the Ti plasmid, including the traA, traC, traD, and traG homologues, and an oriT sequence similar to the oriT of the Ti plasmid ( Fig. 1) (18) .
A new type IV secretion system, designated AvhB, was also identified during the genome analysis of pAtC58 (Fig. 2) . Since type IV systems have been implicated in both conjugal transfer and virulence, we chose to further characterize this system to determine if it comprised the Mpf system required for pAtC58 transmission. PCR amplification was used to determine if other Agrobacterium strains including A. tumefaciens A6, Agrobacterium rhizogenes A4, or Agrobacterium vitis AG57 contained the AvhB region. None of the above strains yielded a specific band with either the avhB2 or avhB11 primer pairs, VOL. 184, 2002 A NEW TYPE IV SECRETION SYSTEM OF AGROBACTERIUM 4839
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suggesting that the avhB loci may be present only in strains derived from C58 (data not shown). These results are consistent with those of previous reports which suggested that pAtC58 is specific to C58-derived strains (49) . The att locus, reportedly involved in virulence (35) , is located between the avhB2 gene and the traA gene of the putative Dtr system in pAtC58 (Fig. 1) . This was surprising, since two reports indicate that pAtC58 is not involved in virulence (26, 41) . The basis of this apparent discrepancy is unclear. Conceivably, the att region resides in different locations in different laboratory isolates.
Comparison of the AvhB system with other type IV secretion systems. The avhB gene cluster contains 10 open reading frames (ORFs), 7 of which are similar to those of the pTiC58 VirB system ( Table 2 ). The arrangement of the genes in these two operons is similar, although the predicted amino acid sequences of AvhB2, AvhB5, and AvhB7 do not share significant similarity with their counterparts in the VirB system (Fig.  2) . In addition, no protein in the AvhB system is similar to VirB1 and our analysis of the genome of A. tumefaciens C58 (56) suggests that no VirB1 homologues are present on pAtC58 or elsewhere in the genome. Interestingly, of the 10 type IV systems that share homology with AvhB (Fig. 2), 6 do not contain proteins similar to VirB1 (Actinobacillus, Bartonella, Bordetella, Xylella, Legionella, and Caulobacter). The AvhB cluster has a 200-bp gap between avhB5 and avhB6 that may split the cluster into two operons. A similar arrangement was observed in the pilW system of the E. coli plasmid R388, where trwHGFED and trwLMKJI are presumed to be organized into two transcription units (58) . In addition, the avhB region does not appear to have either the vir or tra box sequences in the promoter region, suggesting that the avhB cluster is not directly under the control of plant signal molecules or quorum sensing.
An analysis of protein similarity and gene organization suggests that the AvhB system is most similar to the VirB system of Bartonella henselae, suggesting that these type IV systems are more closely related than those within Agrobacterium (Fig.  2) . The AvhB system resembles other type IV secretion systems including the VirB systems of A. tumefaciens, A. rhizogenes, and Brucella suis; the Lvh system of L. pneumophila (42) ; the Ptl system of B. pertussis (54) ; the PilW system of the E. coli plasmid R388 (6); the MagB system of Actinobacillus actinomycetemcomitans plasmid pVT745 (22) ; and two unnamed type IV-like secretion systems in Caulobacter crescentus (37) and Xylella fastidiosa (44) . Overall, AvhB3 and AvhB4 and AvhB8 to AvhB11 are most similar to their respective counterparts in other type IV secretion systems and are generally well conserved among all putative type IV secretion systems. Surprisingly, VirB2 and the 15-kDa proteins of B. henselae are the only proteins in the BLAST database that show any similarity to AvhB2 and AvhB7. The Mpf systems of the F plasmid (tra) and the Ti plasmid (trb) are only distantly related to avhB, based on a comparison of protein similarity and gene organization (Table 2 and data not shown). The AvhB system is responsible for the conjugal transfer of pAtC58. Because type IV secretion systems are evolutionarily related to Mpf systems associated with bacterial plasmid conjugal transfer, we asked whether the AvhB system was involved in the conjugal transfer of pAtC58. To prevent either the VirB or the Trb system from interfering with or complementing any AvhB system functions, we used a C58 derivative lacking the Ti plasmid (GV3350) as the donor strain (41) . The pAtC58 plasmid in GV3350 was engineered to carry a carbenicillin resistance marker which allowed the convenient selection of pAtC58 transconjugants. UIA5, a rifampin-resistant C58 derivative lacking both pAtC58 and pTiC58, was employed as the recipient strain in all conjugation assays (3). 
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The conjugation frequency of pAtC58 with the GV3350 donor in MG/L was 10 Ϫ3 , compared with less than 10 Ϫ8 when GV3350⌬avhB was used as the donor (Table 3 ). Similar conjugation experiments were also performed in two minimal media, AB and IM. While the transfer frequency of pAtC58 in MG/L and AB was similar, the frequency of transfer in IM was reduced 100-fold. In all cases, the deletion of avhB resulted in an almost complete loss of transfer of pAtC58. We conclude that the AvhB system is required for the conjugal transfer of pAtC58 in A. tumefaciens and that either it or its cognate Dtr system is not expressed or nonfunctional under inducing conditions. Because GV3350 does not contain the Ti plasmid, the AvhB system functions independently of the VirB and the Trb systems in pAtC58 conjugation.
AvhB promotes the transfer of pRSF1010 but not pTiC58. In addition to transferring T-DNA, the VirB system is also capable of transferring the IncQ plasmid pRSF1010 into eukaryotic and bacterial cells under vir gene-inducing conditions (8, 20) . It has been reported that pAtC58 can complement mutations in many trb and tra genes and partially restore pTiC58 conjugation (33) as well as mediate the transfer of pRSF1010 between agrobacteria under noninducing conditions (14) . Since the AvhB system promotes conjugal transfer of pAtC58, it seemed likely that it could also function in the transfer of other plasmids, such as pRSF1010 or pTiC58. To test this possibility, the pRSF1010-derived plasmid pML122⌬Gm (20) and a mini plasmid containing the Dtr system (tra) and oriT regions of pTiC58, pDCP4.4 (14) , were introduced individually into GV3350 and GV3350⌬avhB, and their transfer was assayed. Both pDCP4.4 and pML122⌬Gm carry kanamycin resistance markers and require an Mpf system for conjugal transfer. The transfer frequency of the mini-Ti plasmid, pDCP4.4, was comparable in GV3350 and GV3350⌬avhB (ϳ1 ϫ 10 Ϫ8 ), indicating that the AvhB system alone cannot transfer the Ti plasmid. The pRSF1010 derivative pML122⌬Gm, however, was transferred at a 20-fold-higher frequency in GV3350 (1.4 ϫ 10 Ϫ6 ) than in GV3350⌬avhB (7.4 ϫ 10 Ϫ8 ), indicating that the AvhB system can independently transfer pRSF1010. Similar transfer frequencies were seen for both plasmids in IM (data not shown). These results are consistent with the previous observation that pAtC58 promotes conjugal transfer of pRSF1010 under conditions that do not induce vir genes (14) and show that the AvhB system is required for this transfer.
Both pRSF1010 and pTiC58 inhibit conjugal transfer of pAtC58. Plasmid RSF1010 reduces T-DNA transfer (5), presumably because it competes with transferred substrates at the transport pore (47) . We compared the conjugation frequencies of pAtC58 in GV3350 containing pDCP4.4 or pML122⌬Gm to determine if pAtC58 conjugation was also inhibited by pRSF1010 or pTiC58. The presence of pDCP4.4 and pML122⌬Gm reduced the conjugation frequency of pAtC58 by ϳ10-and ϳ1,000-fold, respectively (Table 3) . Surprisingly, although the avhB system does not promote efficient conjugal transfer of the pTi substrate (Table 4) , this substrate competitively inhibits pAtC58 conjugal transfer.
The AvhB system is not involved in tumor formation. Although pAtC58 does not restore tumorigenesis in virB mutants (45), we chose to confirm that the AvhB cluster does not play a role in tumor formation. To investigate this possibility, we generated a deletion of the avhB region in the tumorigenic strain A348 (A348⌬avhB). This mutant grows at a rate indistinguishable from that of its parental strain in MG/L, AB, and IM. K. diagremontiana infection assays were performed with strains A348 and A348⌬avhB. Two weeks after inoculation, both strains induced tumors on all plants inoculated (12 of 12 tested) and the tumors were similar in size (data not shown). In order to detect any minor changes in the transformation efficiency affected by the AvhB deletion, we performed a quantitative infection assay using an A. conyzoides cell culture as the T-DNA recipient (27) . The frequencies of ␤-transient expression from A348(pBISN1) and A348⌬avhB(pBISN1) were similar [17% for A348(pBISN1) and 16% for A348⌬avhB(pBISN1)]. These results confirm that no proteins in the AvhB system are required for effective tumor formation.
DISCUSSION
The observations in this report establish A. tumefaciens C58 as the first bacterium that contains three DNA delivery systems for which each native substrate has been identified. The two previously characterized systems are the VirB system, a type IV secretion system involved in T-DNA transfer to eukaryotic cells (53) , and the Trb system, which is required for the conjugal transfer of the Ti plasmid to other bacteria (32) . In this report, we have identified and characterized a third type IV secretion system in Agrobacterium, the AvhB system, which resembles the VirB system at both the protein and gene organization levels. This system functions as an Mpf system to conjugally transfer pAtC58 to other cells of Agrobacterium. Our sequence analysis revealed that pAtC58 contains two additional elements required for self-transmissibility, a putative Dtr system for processing the DNA and an oriT-like sequence (Fig. 1) . This report provides the first experimental evidence that pAtC58 is a self-transmissible plasmid.
Although the three DNA transfer systems in A. tumefaciens are similar, they do not appear to have redundant functions. All three systems function independently to promote the transfer of their respective DNA substrates. The VirB system was essential for virulence in an Agrobacterium strain in which both the Trb and AvhB systems were functional (46) . Our results confirm that the VirB system functions independently of the avhB genes in tumor formation because deletion of the entire avhB cluster had no obvious effect on virulence. A previous investigation using a reconstituted Ti plasmid conjugation system determined that the VirB and AvhB systems are not required in Ti plasmid conjugation (15) . In this report, we demonstrate that products of the avhB cluster are required for the conjugal transfer of pAtC58 between agrobacteria. By using a strain cured of its Ti plasmid, we show that conjugation of pAtC58 is independent of the two other DNA delivery systems, VirB and Trb.
Although the three DNA transfer systems have distinct functions, each system transfers noncognate substrates. For example, the Trb system mobilizes pRP4 variants (23) while both the VirB and AvhB systems can transfer the heterologous plasmid pRSF1010 between agrobacteria (Table 4) (20) . In addition, the VirB system can mobilize pRSF1010 into plant cells (8) . Transfer of pRSF1010 by VirB occurs only under vir gene-inducing conditions that allow expression of the virB operon. In contrast, pRSF1010 mobilization by the AvhB system occurs under both inducing and noninducing conditions as well as in the absence of the Ti plasmid. However, the AvhB system transfers pAtC58 poorly under conditions that activate vir gene expression while pRSF1010 transfer is similar under both conditions (Tables 3 and 4 ). The reason for this distinction is not clear.
Interestingly, some components among the three DNA transfer systems seem interchangeable. Components of pAtC58 can function in place of the trb gene products, with the exception of TrbI and TrbJ (33) . This suggests that a chimeric Mpf system can form between components of the AtC58 plasmid and the Trb system of the Ti plasmid. Since the AvhB system can serve as the Mpf system for both pRSF1010 and pAtC58 and some proteins in AvhB share homology with the Trb system, it seems likely that the AvhB system might contribute the factors that complemented the Trb deletions in the previous report (33) . In addition, heterologous substrates transferred by these systems appear to compete for access to the export apparatus. Previous reports suggest that pRSF1010 inhibits tumor formation through substrate competition with both VirE2 and T-DNA (5) . In this study, we found that both pRSF1010 and pTiC58 inhibit conjugal transfer of pAtC58 (Table 3) , suggesting an overlap between these delivery systems.
Since each of the type IV systems in A. tumefaciens is differentially regulated, it seems likely that they operate in distinct environments. T-DNA transfer resulting in tumor formation requires coordinated activation of the vir genes, which occurs only in the presence of a wounded plant host. Conjugation of the Ti plasmid is mediated by opines produced in plant tumors formed by the transfer, integration, and expression of genes in T-DNA (25, 51) . This transfer likely enhances the competitive ability of Agrobacterium strains in this environment, since the ability to degrade tumor-specific opines is encoded by the Ti plasmid. Finally, in this report, we show that the transfer of pAtC58 is most efficient under noninducing conditions. This suggests that pAtC58 mobilization occurs predominantly under soil or rhizosphere conditions in the absence of tumors or plant wound sites, suggesting that this plasmid may play a key role in these environments. 
